We report small angle neutron scattering (SANS) measurements of the skyrmion lattice in (Cu0.976Zn0.024)2OSeO3 under the application of an electric field. These measurements show an expansion of the skyrmion lattice stability region with electric field. Furthermore, using time-resolved SANS, we observe the slow formation of skyrmions after an electric or magnetic field is applied, which has not been observed in pristine Cu2OSeO3 crystals. The measured formation times are dramatically longer than the corresponding skyrmion annihilation times after the external field is removed, and increase exponentially from 100 s at 52.5 K to 10,000 s at 51.5 K. This thermally activated behavior indicates an energy barrier for skyrmion formation of 1.57(2) eV, the size of which demonstrates the huge cost for creating these complex chiral objects.
I. INTRODUCTION
Topological states of matter are the subject of extensive interest in condensed matter physics [1] [2] [3] [4] . One such state, the skyrmion lattice, consists of topologically protected nanoscale magnetic solitons that form a hexagonal lattice 5 . Skyrmion lattices usually form only in a small region of magnetic field and temperature just below the magnetic ordering temperature, and are typically stabilized by competition between the Dzyaloshinskii-Moriya interaction (DMI), symmetric exchange, and thermal fluctuations 4 . This state was first discovered in the non-centrosymmetric metallic compound MnSi which crystallizes in the P 2 1 3 space group 6 , and has since been found in isostructural materials such as FeGe 7 , Fe 1−x Co x Si 8 , and Cu 2 OSeO 3 9 , in other noncentrosymmetric compounds [10] [11] [12] , in thin films where skyrmions are stabilized by interfacial DMI [13] [14] [15] or by a combination of DMI, uniaxial anisotropy and geometric confinement [16] [17] [18] , and in some centrosymmetric materials where the state is thought to be stabilized by magnetic frustration 19, 20 .
Skyrmions have been proposed for spintronics applications as stable, nanoscale, storage elements 21, 22 . One key requirement for this application is the ability to reliably perform a write operation by nucleating a skyrmion 23 . Cu 2 OSeO 3 is seen as attractive from this perspective as it is an insulating magnetoelectric whose skyrmion phase stability can be enhanced by applying electric fields 24 . Furthermore, applying an electric field has been shown to nucleate skyrmions from either the competing conical state in bulk crystals 25 , or the competing helical state in thin lamellae 26 .
Another method for expanding the skyrmion region is to rapidly cool the system in a magnetic field to form metastable skyrmions. In Cu 2 OSeO 3 27 and other materials [28] [29] [30] , this produces skyrmions that, at low temperature, exist for much longer than typical observation times. However, near the border of the equilibrium skyrmion pocket, metastable skyrmions are observed to annihilate with lifetimes shorter than are experimentally accessible (seconds) 29 . As a result of this short lifetime at higher temperatures, rapid cooling is required to stabilize a sizable metastable skyrmion population.
Recently, crystals of (Cu 1−x Zn x ) 2 OSeO 3 (x = 0 to 0.024) have been grown and shown to host similar skyrmion phases to pristine Cu 2 OSeO 3 , but at temperatures shifted slightly lower as the Zn substitution level is increased 31 . Notably, the lifetime of metastable skyrmions in Zn substituted crystals is dramatically enhanced compared to that seen in pristine Cu 2 OSeO 3 . This suggests a high sensitivity of the energetic balance between the conical and skyrmion phases to Zn substitution 32 , in addition to the known sensitivity to applied electric fields 24, 25 . It is therefore an interesting open question to determine the interplay of these two effects by studying how electric fields affect the skyrmion phase in (Cu 1−x Zn x ) 2 OSeO 3 in comparison to how they affect skyrmions in pristine Cu 2 OSeO 3 .
In this paper, we use small angle neutron scattering (SANS) to probe the skyrmion state in a crystal of (Cu 0.976 Zn 0.024 ) 2 OSeO 3 . We show that applying a positive electric field ( E H) expands the temperature extent of the skyrmion pocket, while a negative electric field suppresses it, as is seen in pristine Cu 2 OSeO 3 24 . Furthermore, we find that skyrmions formed by the application of an electric field take a measurably long time to appear (100 -10,000 s). The characteristic formation time is temperature dependent, allowing us to extract an energy barrier for the formation of skyrmions of 1.57 (2) eV. This time-dependent behavior has not been observed in any other bulk skyrmion material. Our measurement of the energy barrier for skyrmion formation is an important advance in the understanding of skyrmion behavior. 
II. EXPERIMENT DETAILS
A single crystal of (Cu 0.976 Zn 0.024 ) 2 OSeO 3 (T C = 55.8 K) was grown by chemical vapor transport (See Ref. 31 for details). From this crystal, a 1.08 x 3 x 3 mm plate (thin axis
[111]) was cut and coated on both sides with silver paste to form conductive plates. With thin copper wires attached to the silver paste, the crystal was mounted on a sapphire plate in the Paul Scherrer Institut (PSI) high voltage sample stick 33 and placed under vacuum. The evacuated sample stick was then inserted into a horizontal field cryomagnet on the PSI SANS-II instrument 34 to perform SANS measurements with 10Å neutrons, under a magnetic and electric field E H [111] crystal axis. SANS data analysis was performed using the GRAS ANS P software (v8.11b) from the Institut LaueLangevin 35 . AC susceptibility measurements were performed with H [111] using a Quantum Design MPMS-5S with an AC driving field of 3 Oe. 
III. RESULTS AND DISCUSSION
Figure 1 (a) shows a typical skyrmion SANS pattern taken at 54 K with E = −2 V/µm and µ 0 H = 26 mT. The sixfold scattering pattern is characteristic of a skyrmion lattice with 61.30(1) nm spacing. Intensity in a ring between the main scattering spots arises from rotational disorder in the skyrmion lattice. To characterize the intensity of the skyrmion state (proportional to sample volume in the skyrmion state), we sum the intensity in the gray ring indicated on Fig. 1 (a) .
Figures 1 (b -d) show the skyrmion intensity as a function of temperature and magnetic field for three different applied electric fields. The data show an enhancement and expansion of the skyrmion state by 0.5 K/(V/µm) when a positive electric field is applied, and a corresponding suppression of the skyrmion state when a negative electric field is applied, consistent with that seen in pristine Cu 2 OSeO 3 24 . To further investigate the behavior of the skyrmions when an electric field is applied, we performed time-resolved SANS in the region T ≤ 52.6 K where the phase diagram indicates that skyrmions exist for an applied positive electric field but not for zero electric field. For these measurements we zero field cooled to the desired temperature, turned on the magnetic field, began ramping up the electric field, and commenced counting. After measuring the skyrmion lattice formation, we turned off the electric field, leaving the magnetic field on, and continued to count. A sample of these measurements in shown in Figure 2 for µ 0 H = 34 mT and T = 52.25 K.
This data shows that the skyrmion state takes significant time to form when the electric field is applied (τ form ≈ 200 s), but disappears much more rapidly when the electric field is removed (τ annihilate < 20 s). Such behavior suggests a much larger energy barrier to form a skyrmion than to annihilate one. Further, Fig. 2 shows that the skyrmion intensity does not return to zero after the electric field is removed, suggesting that the equilibrium skyrmion region at zero electric field extends below the phase diagram in Fig. 1 (c) . This likely indicates that at low temperature the formation time becomes long compared to the measurement timescale. As the annihilation time is very short, we could not accurately measure it, and we therefore focus on the formation time for the remain- der of this paper. To fit the skyrmion intensity S accounting for the ramping of the electric field (See Appendix), we use the equations,
Here, A is a scale factor for the skyrmion intensity, τ = a(1 + kt 0 ) is the reported formation time, a is allowed to vary with temperature and magnetic field, k accounts for the electric field ramp rate (k = −0.0133 s −1 for Fig. 3 and −0.008 s −1 for Fig. 4) , and t 0 is the time when the electric field finished ramping.
Using this fitting function, we characterized the skyrmion formation time across the magnetic field -temperature phase diagram. Figure 3 as a function of magnetic field. Between each measurement, we reset the magnetic state by setting both the magnetic and electric field to zero at 52.25 K. Figure 3 (b) shows the fitted scale factor and formation time as a function of field. The scale factor is well described by a Gaussian curve centered at 30.3(1) mT. The formation time is asymmetric across the skyrmion pocket, at first rapidly decreasing, then asymptoting to τ a = 130(10) s at high field, phenomenologically fitting to τ = Ae −λµ0H + τ a , where λ = 0.48(5) mT −1 . Figure 4 (a) shows skyrmion formation after applying a 1.7 V/µm electric field for various temperatures in an applied magnetic field of 30 mT. These data indicate an increasing formation time for decreasing temperature, characteristic of thermal activation over an energy barrier. In Fig. 4 (b Fig. 3 (b) deviates from exponential behavior, suggesting that the reason for the apparent saturation of the formation time at high fields is a change in the skyrmion formation energy barrier.
To determine whether this skyrmion formation behavior is solely an electric field effect, or inherent to the skyrmion state, we performed time-dependent measurements when applying a magnetic field in constant electric field to compare with the process of turning on an electric field in a constant magnetic field. As our cryomagnet changed the magnetic field very rapidly, S = A(1 − e − t τ ) fits this data with no correction required for ramping time. These data are shown in Fig. 5 (a) and demonstrate that the behaviour is the same for both processes, yielding formation times that agree within their uncertainties. As an additional check, we compared measurements performed after switching a magnetic field on in zero electric field, to measurements performed in a constant magnetic field after switching an electric field of −1.7 V/µm (which suppresses the skyrmion stability region) to zero (where skyrmions form). Shown in Fig. 5 (b) , these data again indicate no difference between the skyrmion formation behaviour observed after the two processes. Figure 5 therefore shows that the factor affecting the formation time is the final magnetoelectric field state of the system, not the process by which it was brought there.
For comparison with the behavior observed in an applied electric field, we measured the temperature dependence of formation times when switching on a 26 mT magnetic field in zero electric field. Shown in Fig. 4 (b) , these formation times display a temperature dependence consistent with thermally activated behavior, similar to the data measured in a 1.7 V/µm electric field. However, for the same magnetic field, the 2.38(8) eV energy barrier measured with zero electric field (red triangle in Fig. 4 (c) ) is substantially larger than the 1.57(2) eV barrier measured with an applied electric field, demonstrating that the electric field suppresses the energy barrier between the conical and skyrmion states.
Energy barriers for skyrmion annihilation have previously been measured in systems such as FeGe (0.19 eV) 36 , Fe 0.5 Co 0.5 Si (0 -0.2 eV) 37 , and Cu 2 OSeO 3 (0.4 eV) 32 , and are substantially smaller than our measured energy barriers for skyrmion formation. This is consistent with Fig. 2 showing that skyrmion annihilation is faster than skyrmion formation, show measurements when the electric field was turned on first, and then the magnetic field was turned on at t = 0 s. These are fit to S = A(1 − e − t τ ). The blue data show measurements when the magnetic field was turned on first, and the electric field ramping begins at t = 0 s. These are fit to Eq. 1. (b) Skyrmion SANS intensity as a function of time measured at E = 0 V/µm, µ0H = 26 mT, and T = 53 K. The red data show measurements where the magnetic field was turned on at time = 0 in zero electric field. The blue data show measurements in a constant magnetic field where the electric field was changed from −1.7 V/µm to 0 at t = 0 s. Both data sets were fit to S = A(1 − e − t τ ) as the magnetic field changes quickly and the electric field changes quickly when set to zero.
and with theoretical predictions of smaller energy barriers for skyrmion annihilation than for skyrmion formation 38 . Formation times long enough to measure with SANS have not previously been seen in similar electric-field switching experiments on crystals of pristine Cu 2 OSeO 3 25 , which suggests that the formation times in our Zn-substituted samples are dramatically longer than those in the pristine material. Previous measurements of Zn substituted crystals suggest that the lifetime of metastable skyrmions is substantially enhanced by FIG. 6 . Gaussian widths and intensities for SANS rocking curves measured during skyrmion formation at 52.25 K in a 30 mT magnetic field after applying a 1.7 V/µm electric field. The inset shows an example rocking curve constructed from data taken 20 minutes after applying the electric field.
entropic effects arising from the non-magnetic substitution 32 , which may also explain the long formation times. However, it is also possible that Zn substitution does not change the skyrmion formation physics, and it is simply a reduction of the lower boundary of the skyrmion region from 55.5 K in pristine Cu 2 OSeO 3 to 52.5 K in our Zn substituted sample 31 that lengthens the formation time. Extrapolating our zero electric field data to 55.5 K, we would expect a formation time of 2.1 +4.6 −0.9 ns, which is too short to observe with SANS. It has previously been proposed that skyrmions form 39 and are annihilated 28, 40 by the nucleation of Bloch points to create skyrmion strings, which then grow by propagation of the Bloch points. SANS measurements are sensitive to the average length of skyrmion strings by the width of rocking curves obtained by measuring the SANS intensity while rotating the sample and field together around the incoming beam direction (angle α). If the skyrmion strings are short, the rocking curve width will be large, and as the strings grow the width is expected to decrease.
To study this process, we performed a series of skyrmion formation measurements at different angles (−5.5°≤ α ≤ 5.5°), and stacked them to form effective rocking curves as a function of time, an example of which is shown in the inset of Fig. 6 . The fit Gaussian widths of these curves are displayed in Fig. 6 and show no change as a function of time. This suggests that the skyrmion length does not slowly increase over time, but rather that skyrmions either initially appear as long strings, or that after nucleating small skyrmions, Bloch points propagate too fast to be observed with SANS. The increasing SANS intensity therefore most likely arises from an increasing number of skyrmions: Bloch point nucleation, rather than propagation, is the rate-limiting step for skyrmion formation. However, we note that our minimum rocking curve width (corresponding to a skyrmion length of 150 nm) is inherently broadened by instrumental resolution and variations in skyrmion string alignment, reducing our sensitivity to long length scales.
As we infer that the SANS intensity increase corresponds to an increase in the number of skyrmions, our measured energy barrier is that required to nucleate a Bloch point and start formation of a skyrmion string. The energy barrier of 1.5 -2.5 eV is enormous compared to the thermal energy of single spins (400 k B T for T = 52 K), suggesting that Bloch points are extended multi-spin objects rather than single spins. In Cu 2 OSeO 3 the base spin units are ferrimagnetic tetrahedra with three parallel and one antiparallel Cu 2+ spins 41, 42 . Considering the exchange interactions of J = −3.6 meV 43 , the energy to flip a single Cu tetrahedron spin unit is ≈ 0.1 eV. This suggests that nucleating a Bloch point requires flipping ≈ 20 tetrahedra, corresponding to an initial size of a couple nanometers, which is far smaller than the 61 nm skyrmion diameter. Our data therefore indicate that while Bloch points in chiral magnets are small relative to skyrmions, they are significantly larger than single spins.
IV. CONCLUSIONS
In conclusion, we have measured the temperature and magnetic field dependence of the skyrmion formation time in Zn substituted Cu 2 OSeO 3 . This shows thermally activated behavior, with time scales ranging from 10,000 seconds at the lowest temperatures down to 100 seconds at the highest temperatures, giving a characteristic energy barrier for skyrmion formation of 1.57(2) eV. Combining our results for skyrmion formation with previous measurements of skyrmion annihilation allows a more complete picture of the energetics of skyrmions to be inferred, which will be highly important for future research towards skyrmionic devices.
For each of the measurements of the skyrmion formation time in an electric field, the ramping time of the electric field was non-negligible compared to the total measurement time. The electric field was ramped quickly from 0 to 0.9 V/µm (Fig. 3) or 0 to 1.4 V/µm (Fig. 4) , and then at 0.009 (V/µm)/s up to the peak electric field of 1.7 V/µm, giving a ramp time (t 0 ) of 33.6 or 83.6 s. The formation time of skyrmions depends linearly on the electric field, as shown by Fig. A1 , fitting to τ (E) = mE + b. The ramp time for the electric field therefore requires a small correction to the fitting procedure to produce accurate formation times.
We first start with an exponential fitting function for the skyrmion intensity (S),
where A is a scale factor representing the final intensity at long times, t is the time, and τ is the formation time.
Next, assume τ varies linearly with time while the electric field changes, τ = a(1 + kt) for t ≤ t 0 , where t 0 is the end time of the electric field ramp, a is a scale factor, and k is the relative slope which we assume to be fixed as a function of magnetic field and temperature. Defining E i as the electric field at the start of the slow ramp, and as the ramp rate, k can be determined from the fit in Fig. A1 After t 0 the skyrmion intensity will be given by the exponential relationship (Eq. A.1), scaled appropriately such that it is equal to Eq. A.5 at t = t 0 . Therefore, the final expression for the skyrmion intensity at any time is, 
